An attempt was made to determine whether sporulation and inducible enzyme synthesis in Bacillus subtilis are controlled by the same mechanism of catabolite repression. By the use of a thymine-requiring strain, it has been shown that, whereas sporulation remained repressed unless chromosome replication proceeded to completion, the induction of the enzymes histidase, sucrase, and a-glucosidase proceeded quite normally in the absence of continued deoxyribonucleic acid synthesis. It 
The available evidence indicates that the initiation of spore formation in bacilli is under some form of catabolite repression. The actual repressor has remained unidentified, but a good supply of both carbon and nitrogen are needed for repression, and a deficiency of either allows increased sporulation to occur (8, 23) . On the presumption that there is a key enzyme or operon that has to be derepressed to initiate the process (23) , it seemed reasonable to draw an analogy between the repression of this initial event of sporulation and the more clearly understood catabolite repression of the synthesis of inducible degradative enzymes. Both processes are repressed by catabolites of easily degraded carbon compounds, particularly D-glucose.
The experiments reported here were done to determine whether sporulation and inducible enzyme synthesis are controlled by the same catabolite repression mechanism. Use was made of a thymine-requiring mutant of Bacillus subtilis. It has been shown that for these cells to be induced to sporulate there has to be not only relief from catabolite repression, but also a supply of thymine to allow continued deoxyribonucleic acid (DNA) synthesis. If chromosome replication is prevented, then not even the earliest steps in the process, such as serine exoprotease or alkaline phosphatase production, will occur (16; B. Dancer and J. Mandel- ' Present address: Department of Microbiology, University of Glasgow, Garscube Estate, Bearsden, Glasgow, U.K. stam, unpublished data). Later work has shown that sporulation can only be initiated when the chromosome is passing through the first part of the replication cycle (15) . Results presented here show that inducible enzyme synthesis differs from the induction of sporulation in that it does not depend on continued DNA synthesis.
As a further criterion in deciding whether induction of sporulation and induction of enzyme synthesis are or are not controlled, at least in part, by the same mechanism, an attempt was made to isolate mutants of B. subtilis that exhibited a pleiotropic deficiency growth on a variety of carbon sources. Accumulated evidence shows that in gram-negative organisms the catabolite repression of inducible enzymes is mediated by adenosine 3,5'-cyclic monophosphate and the catabolite gene activator protein that specifically binds cAMP (1, 12, 21) . DGlucose has been shown to lower the intracellular concentration of adenosine 3,5'-cyclic monophosphate in Escherichia coli and, conversely, exogenous adenosine 3,5'-cyclic monophosphate will overcome catabolite repression of enzyme synthesis by D-glucose (9, 27) . Mutants of E. coli and Klebsiella aerogenes that have either a defective CAP protein or are unable to synthesize adenosine 3,5'-cyclic monophosphate through lack of adenyl cyclase have been described (2, 18, 20) . As a result of a single mutation, these strains are unable to grow on carbon sources, such as lactose, maltose, or L-arabinose, that are degraded by inducible enzymes sensitive to catabolite repression, but they retain the ability to grow on D-glucose.
Mutants were therefore sought that grew normally on D-glucose (presumed to be metabolized by constitutive enzymes) (17) but that showed a deficiency for growth on other carbon sources the metabolism of which required inducible enzyme synthesis subject to catabolite repression. The ability of these mutants to sporulate would then be tested to determine whether any correlation existed between the pleiotropic growth deficiency and inability to initiate sporulation. The failure to detect adenosine 3,5'-cyclic monophosphate in B. megaterium and B. subtilis (24) argued against the possibility that mutants exactly like the adenyl cyclase-and catabolite gene activatordeficient mutants found in E. coli and other gram-negative organisms would be found in B.
subtilis. On the other hand, inducible enzyme synthesis subject to catabolite repression, but not dependent on adenosine 3,5'-cyclic monophosphate, has been demonstrated both in E. coli (22, 25) and in K. aerogenes (20) . Thus, although adenosine 3,5'-cyclic monophosphate may not be the determining factor for overcoming catabolite repression in B. subtilis, it seemed reasonable to presume that some analogous factor may play a similar role.
In fact, no pleiotropic mutants were isolated that had lost completely the ability to form several inducible enzymes. Although other strains exhibiting different pleiotropic phenotypes were found, they in no way proved a connection between sporulation induction and inducible enzyme synthesis. However, the experiments with the thymine-requiring mutant show that overcoming the repression of inducible enzyme synthesis can be achieved independently from the relief of the repression of sporulation. from Difco Laboratories, Detriot, Mich. Minimal medium (M34) has been described previously (23) and was supplemented with a carbon source at 0.5%. When necessary it was solidified with 1% agar (Davis Gelatine, Warwick, England). Lactate-glutamate and glucose-glutamate minimal agar plates were prepared as described previously (4) .
MATERIALS AND METHODS

Organisms
Growth and sporulation. The organisms were grown with shaking at 37 C. Growth was measured spectrophotometrically, and a calibration curve relating extinction at 600 nm to bacterial dry weight was used. Sporulation was obtained by transfer of exponentially growing cells from a rich medium containing hydrolyzed casein to a poor one containing L-glutamate and inorganic ions (26) . With the wild type this procedure produced about 80% refractile spores in 7 to 8 h. Associated with the morphological stages of spore development are a number of biochemical marker events (28) . Those used for the work described here are alkaline phosphatase (stages II and III) and refractility (stage IV).
Enzyme assays. Alkaline phosphatase (EC 3.1.3.1) was measured in whole cells as follows. Toluene (1 drop) was added to 1 ml of cell suspension (0.25 to 0.5 mg [dry weightyVml), and the tube was shaken vigorously for 1 min. To this was added 1 ml of 0.1% p-nitrophenyl-phosphate in 1.0 M diethanolamine ,pH 9.4), and the mixture was incubated at 30 C until enough color had developed. The time was noted and the reaction was stopped with 1 ml of 2.0 M NaOH. The samples were centrifuged and the extinction (410 nm) of the supernatant measured. Readings were corrected for blanks to which NaOH had been added before the substrate.
Histidase (EC 4.3.1.3) was assayed in whole cells prepared by a modification of the method of Hartwell and Magasanik (14) . To the toluene-treated suspension was added 1 ml of 0.02 M L-histidine in 1.0 M diethanolamine (pH 9.4), and the mixture was incubated at 30 C for a suitable time (5 to 60 min depending on the activity). The reaction was stopped by the addition of 1 ml of 12% (wt/vol) HClI4, the suspension was centrifuged, and the extinction (277 nm) of the supernatant was measured. Readings were corrected for blanks in which HCl4 had been added before the substrate.
Sucrase (f,-fructofuranosidase, EC 3.2. It was of interest to determine whether any other kind of pleiotropic growth deficiency had an adverse effect on sporulation. For this purpose a second screening procedure was used which would detect mutants unable to utilize any one carbon source (including glucose), but which would at the same time eliminate mutants that grew badly as a result of a defective tricarboxylic acid cycle. This was adapted from a procedure described previously (3). Germinated spores after mutagenesis were spread on nutrient agar (Difco) containing 0.0015% of the pH indicator bromocresol purple, together with an added carbon source (1%). In separate experiments either maltose, D-sorbitol, or L-arabinose was used. After incubation at 45 C for 2 days, colonies able to ferment the carbohydrate turned brown, whereas those unable to do so remained purple. Some colonies turned yellow; these were presumed to be mutants defective in the tricarboxylic acid cycle, which accumulate excess organic acids derived from the carbon source (3). Purple colonies were picked, and their growth response was tested in M34 minimal medium with the individual carbon sources as given above.
Transformation. DNA was prepared by the method of Ephrati-Elizur as described previously (19) .
Recipient cells were made competent as described previously (5 RESULTS DNA replication and inducible enzyme synthesis. After growth in a rich medium with thymidine, cells of B. subtilis thy-A were transferred to resuspension medium without thymidine. During the next 8 h, very little alkaline phosphatase was produced, and no refractile spores were detected at the end of this period. Inclusion of thymidine in the resuspension medium allowed normal alkaline phosphatase production (Fig. 1) , and at the end of 8 h 70 to 80%c of the cells contained refractile spores. This result is in agreement with previous observations linking the necessity for continued DNA synthesis with the induction of sporulation (16) . Figure 1 also shows that if L-histidine (500 Ag/ml) was included in both resuspension media then the rate of synthesis of the inducible enzyme histidase was essentially the same whether thymidine was present or not. Similar results were obtained when sucrose or maltose (500 Ag/ml) was included in the resuspension media, and the rates of appearance of the inducible enzymes sucrase and a-glucosidase were measured (Fig. 2) . Thus, thymidinestarved cells were able to synthesize three inducible enzymes quite normally, yet were at the same time unable to sporulate.
The inclusion of L-histidine in the resuspension medium (with added thymidine) did not lead to any significant decrease in the percentage of cells able to form refractile spores. However, the inclusion of either maltose or sucrose in the medium caused a significant drop in refractility to about 10% of the total cell population. Apparently the remainder of the cells resumed vegetative growth instead of sporulating. This was suggested by observations on the optical density, which after transfer of cells from a rich medium to resuspension medium normally doubled ( 600 nm of 0.5 to 1.0) in the first 5 h and then leveled off. Addition of L-histidine promoted only a slight rise over and above the normal increase in optical density, but treatment of the cells with maltose or sucrose caused the optical density to increase rapidly to a value well beyond that normally expected (extinction at 600 nm > 2.0). This is readily explained by the fact that maltose and sucrose are good carbon sources and that when they were present most of the cells reverted to vegetative growth. L-Histidine, on the other hand, is a poor carbon source, resulting in a high incidence of sporulation.
Growth properties of pleiotropic strains. No mutants were isolated that exhibited a temperature-sensitive growth response in liquid medium. Eight apparently pleiotropic strains were isolated; six of these which grew poorly on more than one carbon source also sporulated poorly. Since a correlation was being sought between the inability to sporulate and inability to grow on certain carbon sources, care had to be taken to exclude mutants that had a poor growth rate on all carbon sources tested and presumably had some general metabolic defect. In this case, lack of sporulation could have been due, for example, to an inability to supply sufficient adenosine 5'-triphosphate for the process. In fact, many such strains were isolated, particularly from the first screening procedure of limited enrichment, and were not investigated further. The eight presumptive pleiotropic mutants were made isogenic by transformation. This procedure eliminated the possibility that the original pleiotropic phenotype was the result of multiple mutations, although the possibility of two very closely linked mutations could still not be excluded. When this procedure was completed it was found in five instances that a mutation affecting growth was entirely separa-ble by transformation from a mutation affecting sporulation. In addition, a pleiotropic growth pattern was shown in four instances to be the result of two or more mutations. Eventually, three pleiotropic phenotypes could be distinguished in the isogenic strains. Representatives of each are listed in Table 1 together with their doubling times on various carbon sources.
No pleiotropic strains were found that grew normally on D-glucose and were simultaneously negative for growth on carbon sources requiring inducible enzyme synthesis for their metabolism. Strain M8 leu-8 grew almost as well as the wild type on Penassay broth, D-glucose, D-mannose, and L-glutamate, but had markedly slower growth rates on the other carbon sources tested, particularly myo-iositol, D-sorbitol, maltose, sucrose, trehalose, and L-arabinose. It produced spores to about 30% of the wild-type level. Another independently isolated strain, M159, exhibited a similar phenotype. It was possible that these strains had a leaky mutation that affected their ability to synthesize the inducible enzymes required for the metabolism of these compounds. Accordingly, the levels of the inducible enzymes a-glucosidase and sucrase were assayed in the wild type and strain M8 leu-8 during exponential growth in M34 minimal medium containing maltose and sucrose, respectively. In three separate experiments, the specific activity of a-glucosidase ranged from 90 to 190 (average 130) U/mg (dry weight) of cells in the parent strain compared with 26 to 42 (average 36) U/mg (dry weight) of cells in strain M8 leu-8. Similarly, the specific activity of sucrase ranged from 240 to 390 (average 330) U/mg (dry weight) in the wild type, compared with a range of 110 to 200 (average 160) U/mg (dry weight) in strain M8 leu-8.
Strain M55 leu-8, in addition to the carbon sources listed in Table 1 , also failed to grow on glucosamine, but grew well with citrate, lactate, and succinate. In this strain, 5 to 10% of the cells formed spores if sporulation was induced by exhaustion of essential nutrients after growth in Penassay broth. Strain A100 phe-12 was negative on all carbon sources tested except L-glutamate and those amino acids from which L-glutamate can be derived by metabolism, e.g., L-histidine and L-arginine. L-Glutamate could be replaced by L-glutamine, but not by a-oxoglutarate, lactate, or succinate. This strain sporulated poorly under all conditions. Spontaneous revertants were isolated at a low frequency (10-8) from strains M55 leu-8 and A100 phe-12 on maltose minimal agar. They all regained the normal capacity for both growth and sporulation at the same time, indicating that in each case the phenotypes were the result of a single mutation. Spontaneous revertants to normal growth were not detected in strain M8 leu-8, although in this case, because of the leaky nature of the mutation, they would have been difficult to select even if they were present. DISCUSSION In agreement with previous observations (15, 16 ) the present results show that sporulation remains repressed unless DNA synthesis is allowed to continue (Fig. 1) . However, this is not true when the catabolite-repressed enzyme systems for metabolizing L-histidine, maltose, and sucrose are considered. The results of thymidine deprivation in the thymine-requiring strain show clearly that the induction of the enzymes histidase, a-glucosidase, and sucrase is completely independent of the necessity for continued DNA synthesis (Fig. 1, 2 ). This qualitative difference between the two processes indicates that, although overcoming the repression of sporulation may involve a similar mechanism to that required for inducible enzyme synthesis, it has in addition a requirement for continued DNA replication.
We 
